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Abstract—This paper proposes a novel coordinated -car-
following controller for two connected Ackermann steering vehi-
cles subjected to actuator saturation, model uncertainties, limited
filed-of-view, limited sensing and communication ranges, without
velocity measurements, without collision between vehicles, and
with path curvature compensation. To comply with the controller
design, relative constrained distance and angle between vehicles
are transformed into an efficient Euler-Lagrange formulation
in terms of unconstrained errors. Then, two new sets of non-
linear filtered error variables are devised to propose a novel
saturated proportional-integral-derivative observer-based control
scheme which takes the advantages of the amplitude-limited PID
control structure. The unknown model parameters and external
disturbances are compensated via an operational combination of
an adaptive robust control (ARC) scheme and a neural network
(NN). The controller stability is proved by Lyapunov’s direct
method. Comparative simulation results will show the main
benefits of the proposed control system.

Index Terms—Adaptive neural controller, autonomous vehicle,
collision avoidance, path curvature, saturated PID control.

I. INTRODUCTION

HE coordinated tracking control of connected au-
tonomous vehicles is an interesting topic of researches
in intelligent transportation in recent decades. This interest
is growing fast due to many advantages of automated vehi-
cles platooning such as reducing fuel consumption, reducing
highway congestion, increasing road capacity and safety en-
hancement. In the coordinated control of connected vehicles
with a set of following vehicles and a leader one, each vehicle
receives required information from its neighbours via wireless
communication and the main control objective is to guarantee
a safe distance and spacing between two consecutive vehicles
while ensuring some pre-assigned constraints.
There exist many useful results on the motion control of
autonomous vehicles in the literature [1-7]. Recently, a robust
nonlinear controller has been presented for the lateral control
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of autonomous vehicles by using barrier Lyapunov function in
[8]. A passivity-based path tracking controller was proposed
for the autonomous vehicles in [9] by considering the yaw
stability. A lateral and longitudinal dynamics control system
has been addressed in [10] for autonomous vehicles based on
multi-parameter joint estimation. In [11], a robust adaptive
path-tracking controller was proposed for autonomous ground
vehicles by considering backlash nonlinearity in the steering
system. An event-triggered fixed-time controller has been pre-
sented for the planar vehicles platoon with distance constraints
in [12]. A time-varying control-dependent barrier function
method was used in [13] to design a tracking controller
for autonomous ground vehicles. An adaptive constrained
path following control system has been proposed for electric
autonomous vehicles in [14]. An adaptive model predictive
controller was presented for autonomous vehicles in [15]. In
[16], a path tracking controller has been proposed for under-
actuated vehicles in the presence of matched and mismatched
uncertainties. In [17], a cooperative constrained controller was
proposed for autonomous vehicles without any collision with
non-uniform input quantization via the backstepping design
procedure. Very recently, some interesting results on the con-
trol of autonomous vehicles are presented in [18], [19], [20],
[21], [22], [23] and [24]. However, there exist the following
common drawbacks and shortcomings in the previous works:
(1) most of the available results often rely on the proportional,
or proportional-derivative (PD) feedback control schemes and
there are few works that take the advantages of proportional-
integral-derivative (PID) controller to simultaneously and ef-
ficiently tune the transient and steady-state characteristics of
tracking errors [21], [25]; (ii) the previous controllers require
the absolute x — y positions of the vehicle from a global
positioning system for outdoor applications; (iii) unfortunately,
the majority of previous controllers in the recent literature
focus on the backstepping design approach that experiences a
design complexity; (iv) the most of the proposed controllers in
the literature are not able to ensure the prescribed performance
and their singularity is unavoidable in practice; (v) it is often
assumed that the real onboard sensors are able to measure
every possible value of posture variables and their limited
sensing range and field-of-view are ignored in the previous
works; (vi) the previous controllers suffer from unwanted
deviations due to the path curvature during the turning of the
vehicles on the corners; (vii) the most of proposed controllers
absolutely require the measurements of linear and angular
velocities for their implementations in practice; and (viii) the



adverse effects of the vehicle’s actuator saturation due to the
generation of large control signals from the controllers are
neglected in the most of available works.

Based on the above mentioned deficiencies in the previous
works, the main motivation of this paper is the proposing
of a novel saturated nonlinear PID output-feedback controller
(OFBC) for the cooperative car-following for an autonomous
vehicle based on relative distance and angle measurements
from the local onboard sensors with limited sensing range and
field-of-view in the presence of the actuator saturation, model
uncertainties, path curvature and in the absence of velocity
signals while avoiding collisions and preserving a continuous
connectivity. Main novelties and contributions in this paper
are listed as follows with respect to the current literature [8]-
[25]: (C1) By introducing new auxiliary filtered error vari-
ables, a saturated proportional-integral-derivative controller is
heuristically proposed which reduces the amplitude of the
generated control efforts by employing a class of saturation
functions. The controller only depends on relative distance
and angle measurements between vehicles. (C2) The con-
troller prevents undesirable singularities due to an unwanted
overshoot or undershoot during the transient response, avoids
possible collisions between succeeding and preceding vehicles
and preserves their continuous connectivity by utilizing the
prescribed performance control (PPC) technique [26] which
allows the designer to pre-assign maximum overshoot or
undershoot, convergence speed and steady-state error for a safe
car-following system. (C3) The proposed controller diminishes
undesirable deviations of the preceding vehicle during the
turning of the succeeding vehicle via compensating the path
curvature by incorporating a correction angle in the definition
of the relative angle error between vehicles. (C4) A novel
nonlinear velocity observer is proposed to exclude linear and
angular velocity sensors from the vehicle due to their inaccu-
racies in practice because of communication delays and noise
contamination. The proposed observer is independent from
the vehicle dynamics and prevent unwanted peaking. (C5)
The danger of actuator saturation is reduced by restricting the
amplitudes of tracking and observation errors in the controller
and observer and by estimating the actuator saturation non-
linearity. (C6) Parametric uncertainties, external disturbances,
unmodeled dynamics and neural network (NN) approximation
errors are compensated by an operational combination of NN,
adaptive and robust control schemes.

In the remaining sections, the following order is considered
for the results in this paper. The problem formulation is
described in Section II. Main results are given in Section III.
Numerical computer simulation results are shown in Section
IV and Section V concludes this paper finally.

II. PROBLEM STATEMENT
A. Notations

During the whole of this article, the operator || e | g
represents the Frobenius norm of an arbitrary matrix, || e ||
depicts the Euclidean norm, tr{e} displays the trace op-
erator, R™ shows real positive number set, Amin{®} and
Amaz{®} respectively denote minimum and maximum values

of an arbitrary matrix, diag[e] is a diagonal matrix, Proj(e)
stands for the projection operator which is defined in [27],
{a;}r = {a1,a9,...,an}, Np(x) := [np1(2), ooy npn(z)]T
and Sy(z) == [s1(z), ..., sn(z)]T show vectors of nonlinear
differentiable saturation functions which are defined later.
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Fig. 1: The planar configuration of autonomous car tracking.

B. Autonomous Vehicle Model

Take into account the mathematical models of the au-
tonomous vehicle with Ackermann steering as follows [25]:

M, (q;)v5 + Cu(qj,vj)v; + Du(q;)v; + Tva(t) = Bu(q;)7s;,
)

where ¢; = [xj,yj,¢;,0;]7 denotes the vehicle posture
in earth-fixed frame {Op,Xg,Yg} based on Fig. 1, v; =
[vj,w;]T displays a vector of vehicle velocities such that
w; and v; respectively show angular and linear velocities
of point OBjy H(qj) = [Hl(qj'),Hg(qj')] € R**2 with
Hi(q;) = [cos()), sin(p;), 1/ly;tan(d;),0]" and Ha(g;) =
[0,0,0,1]7 show the vehicle kinematic matrix, M, (q;) €
R?*2 is a symbol of the inertia matrix, C,(gj,v;) € R**?
stands for a matrix of the Coriolis and centripetal forces,
D,(g;) € R?*? denotes the damping matrix, 7,4 € R?
displays the external disturbances so that ||7,4]] < Bug
in which B,y € R" shows an unknown constant, B, (g;)
corresponds to the inputs transformation matrix and, finally,
Tsj = [Tsj1, Tsj2]T € R? denotes a vector of saturated control
force and torque inputs. The control input 75 is defined by the
following equation Vj = p, s:

- Tiil = xargi/myi, Vi = 1,2,
R Tl < xargi/mya,

sign(7;i) X mji
mjﬂji

3)



in which 7,5, 755, and xarj; respectively show the saturated
control input, unsaturated control input, and the actuators
saturation limit. m,; defines a ratio between 7,;; and 7;;.
Therefore, the saturation nonlinearity d;;(7j;) = Tsji — Tjis
that is a nonlinear-in-parameter (NLIP) function and cannot be
implemented by the actuators, is defined as follows Vj = p, s:

dsji = {

il > xaaji/myi, Vi = 1,2,
) |Tji| < XMji/mji-

sign(7i) X i
(myj; — 1)1y

— Tji

“4)

C. Challenges and Control Objectives

In this paper, the main control objective is designing a
coordinated tracking system for an Ackermann steering vehicle
to track a reference vehicle which generates the desired
trajectory such that the following challenging constraints and
control objectives are satisfied:

R1: The preceding vehicle with the posture vector ¢, =
[Tps Yp, Pps 0p) T and velocity vector v, = [vp,w,|? tracks
the succeeding or reference vehicle with the posture vector
qs = [Ts, s, ps,0s]T and velocity vector v, = [vs,ws]T so
that the relative distance d and relative angle « in Fig. 1
between both vehicles exponentially tend to the zero neigh-
bourhood with prescribed convergence speed, maximum over-
shoot/undershoot and steady-state tracking accuracy.

R2: It is of interest to design a proportional-integral-
derivative control scheme to efficiently adjust the steady-state
and transient performance characteristics.

R3: The controller only depends on the relative distance and
angle measurements while velocity signals are not accessible
for the feedback.

R4: The field-of-view of the relative angle sensor on the
preceding vehicle is limited such that |3] < 3, and conse-
quently || < @, according to Fig. 1.

RS: The sensing range of the relative distance sensor on the
preceding vehicle is restricted to d,,, < d < djp; where djy
and d,, are the maximum and minimum values of distance
measurements, respectively.

R6: Both preceding and succeeding vehicles should keep
their connectivity by maintaining their relative distance inside
their communication ranges such that d < R, where R, shows
the maximum range of the data communication.

R7: The controller should prevent every possible collision
between both vehicles according to predefined safe regions.

R8: The vehicle model is subjected to external disturbances,
unmodeled dynamics and unknown parameters that should be
compensated.

R9: The actuator saturation risk should be lessened as much
as possible.

R10: The controller should be robust against the reference
path curvature which is produced by the succeeding vehicle
as much as possible.

R11: The controller should be robust against unknown vehi-
cle’s kinematic and dynamic parameters, external disturbances
and unmodeled dynamics.

R12: The chattering on the control signals should be re-
duced as much as possible.

Designing a controller which solves all the above objectives
R1 — R12 at the same time is very challenging. To this end,
the following assumptions are crucial to be satisfied:

Assumption 1. The relative distance, angles and orientation
of the preceding vehicle are measurable in real-time for the
feedback and the vehicle is not equipped with velocity sensors.

Assumption 2. The posture and estimations of velocity and
acceleration signals of the succeeding vehicle, i.e. ¢s, 75 and
U, are transmitted to the preceding vehicle via a transmitter
with the communication range R..

Assumption 3. The external disturbance vector 7,4 is
bounded in the sense that ||7,4|| < B,q where B,y € RT
is an unknown constant.

D. Relative Distance and Orientation Errors

In this section, the relative position and orientation errors
between both vehicles are changed from the earth-fixed frame
{Og, XEg,Yg} to the preceding vehicle’s body-fixed frame
{OpBp, XBp,YBp} as follows:

€y cosp, sing, 0 0 Ty — Tp
ey | | —sinp, cosp, 0 0 Ye — Yp
e, | 0 0 10 Vs — Pp
es 0 0 0 1 0s — 0p

S

where (z,y:) shows the position of the succeeding vehicle’s
transmitter in the earth-fixed frame as follows:

[ w(t) ][ wa(t) + ricos(oalt) + 1)
pe(t) ‘{ (1) } = { ya(t) + rusin(pa(t) + 91) |

where (r:,;) shows the polar coordinates of the trans-

(6)

v, 050

Fig. 2: The planar illustration of the path curvature.

mitter position on the succeeding vehicle’s body-fixed frame
{Ops, XBs, YBs}. Now, the time derivative of (5) along (1)



and (6) results in

€y (ey/lpp)tand, —1 0

éy | | —(ex/lpp)tand, 0 vp |
éo | | —(1/lyp)tandy, 0 Wp
és 0 -1 )

vscose, — rigssin(e, + pr) |
vssiney, + ripscos(e, + ¢r) 7)
(vs/lys)tands '

Ws

+

Now, the relative distance d and the relative steering angle
a = 3 —d, in Fig. 1 are defined as follows to force the
preceding vehicle to follow the succeeding vehicle.
— de(t) _ d— dO
““)—[adw}“[a_maw+ow9
_ V/ (ex = bp)® + € —do . @®)
atan2(ey, ez — lpp) — 0p — (g + 0.56,)
where atan2(y,z) stands for the arc tangent function of
y/x that generates the angle in (—m,7]. The parameter dg
shows the desirable relative distance and oy represents the
desirable relative orientation angle which is corrected by an
intentional angle correction term 0.560. as shown by Fig. 2 to
diminish unwanted deflection due to the path curvature of the
succeeding vehicle [28] which is given by
0. = 2arcsin (0.57“6,%5(1%)), 9)

where r. = ||Py, — Pys|| is the distance between the point
Py, and the point Py in Fig. 2 whose coordinates are given
by

Pry = wy(t) + Lyrcos(pr) (10)

L () + borsin(er)
The term k.(f) in (9) defines the path curvature of the
succeeding vehicle which is given by

,Vk =p,s.

Pt atws  _ petws
¢ Vfs T /02 + 03 2  wy/cosd,
1 s
=—3ind, + w—cosés (11)
ébs Vs

such that vy, # 0 shows the linear velocity of the point
Py, on the succeeding vehicle. Because the steering angle is
physically restricted such that |ds| < ds.mazs Vs maz € RT,
the path curvature is also limited such that |k.| < K¢ maws
V&e,maz € R*. As a result, the correction angle 6, is bounded
such that |0, < Ocmazs V0emaz € RT. To obtain the
transformed kinematics, the time derivatives of (8) and (9)
along (7) are given by

Te = J(d7ﬁ76p)yp+w(d7ﬁausaetp7¢su90)a (12)
where J and w are derived as follows:
—cosf — sinfitand, 0 (13)

(sinB — cosftandy)/d — tandy /by, —1 |’

vscos(e, — ) _.TtﬂbsSin(ego +or—B)
vssin(e, — B)/d — 0.50, — rips/deos(e, + pr — )
(14)

T =

in which 6, denotes the change rate of the succeeding vehicle’s
path curvature that is given by

reke

fp = ——C .
1 12r2/4

5)

E. Relative Errors Constraints

To achieve the expected results R1 — R7 in Section II.C, the
following error constraints should be considered in the control
design process.

1) Limited Field-of-View and Singularity Avoidance: In
order to ensure the system controllability and to prevent the
singularity of the controller according to (13), the condi-
tions d # 0 and det(J) = cosf + sinftand, # 0 are
necessary to be satisfied. This condition equivalently implies
that tanf tand, # —1 which leads to 8 — 6, # =£m/2
and subsequently |8 — d,] < 7/2. On the other side, since
|0p] < Op.max and |B] < By, from R4, the following condition
should be satisfied:

|5 - 51)‘ < min{ﬂ-/27 Bm + 6p,maa:} = Q.

Therefore, the following constraint is necessary to be consid-
ered:

(16)

—y, — ag — 0.50, < a, < oy, — ag — 0.50,. 17)

2) Limited Sensing Range, Collision Avoidance and Con-
tinuous Connectivity: Since (i) the sensing range of the
onboard distance sensor on the preceding vehicle is restricted
to d, < d < djs according to R5; (ii) the collision between
two vehicles should be avoided by ensuring d > R, + R,
in which R, and R, are the radii of safe areas around the
vehicles in Fig. 1; and (iii) the communication between both
vehicles should be maintained by considering d < R., the
following overall condition is necessary to be satisfied for the
relative range error:

maX{RP +Rsydm} - dO < de < min{Rde} — dO-
(18)

To ensure the above conditions on the relative distance and
angle between both vehicles, a constrained control technique
is of interest.

F. Error Transformation

In this paper, the prescribed performance control strategy
[26] is adopted to realize all the presented control objectives
for the relative distance and orientation angle errors between
both vehicles.

Definition 1 [26]. A bounded and smooth function p;(¢):
R* — R is called a performance one, if p;(t) is decreasing,



and tlim p;i(t) = pjoc, Vi =d, .
— 00
One possible choice for p;(t) is given by

t<T

(pjo — pjsc)e” "D 4+ pie, if
(1) = 19
PJ( ) { t> T, (19)

where h(t) is an increasing time-function in such a way that
Jim, h(t) — oo VT € R, pjo := p;(0) > p;(t), pjoc, and
—

c¢; denote positive constant scalars. To ensure (16)-(18), the

tracking errors should be restricted by the following bounds:

pra(t) = —aapa(t) < de(t) < pua(t) = bapa(t),
Pla(t) = —aapa(t) < ac(t) < pua(t) = bapal(t),

where aj,b; € R are design scalars. To ensure (20), the
following bounds on a; and b; should be satisfied:

ag < (do — max {Rp + Rs,dm})/pd(()),
by < (min {RC,dM} — do)/pd(O),

Ao < (am + g + 0.590)/pa(0),

b < (am —ag — 0.590)/pa(0).

According to [26], a strictly increasing and smooth bijective
nonlinear mapping is utilized bellow to ensure (20) on d, and
Q!

(20)

Zed = Td(de(t)) : Qd — R, Td(O) = 0,

Zea = Ta(@e(t)) 1 Qo — R, T (0) =0, Q1)
where d.(t) = d.(t)/pa(t) and a.(t) = a.(t)/pa(t) denote
modulated tracking error and Qg := {d.(t) : d. € (—aq,ba)}
and Qn = {@(t) : & € (—aq,bs)}. Provided that
—agpa(0) < de(0) < bgpg(0) and —anpa(0) < ae(0) <
bapa(0) and the controller ensures that z.; € Loo Yt > 0,
then, de(t) € Qq, ae(t) € Qo and py;(t) < je(t) < pu;(t),
Vj = d, .. On the basis of the properties mentioned above, the
following nonlinear transformation from j. to z; is introduced
here [29]:

T 256 — bj + CLj

zej = T;(je) = tan(f X

| = . (22
3% ) i = da @)

Then, the derivative of (22) with respect to the time gives

oG 916, die

= Zade) Ye L= vj = 2
Zej 7. 05, dt T 5, V) =d,a,  (23)
= _ 0T;(e) . . OT;(Je) .
g, = LiVe) s ’ 2
T opy T Topy Y &4

Now, one may achieve the following transformed error equa-
tion at the kinematic level by substituting (12) into (23):

Ze :R(U)Vp + h(d,ﬂ, Vs, €, (;bsaec; 907 pdap.dvpou Pa), (25)

where Re = [Zeda Zea}T, U = [7‘?>PT,5;U]T P = [pdapa]T’ Te
is defined in (8) and R and h are derived as follows:

Ty Jun  0Ta J12

_ dd. Pd Od. Pd
R(u)=| 8 bt 8 52 1, (26)

O&e pa 0Ge po

19Ty _ ba

h=| ra o, (@1 =y de) (27)
1 9T, _ Pa ’
pe dar (@2 = prac)

where J;;,Vi,j = 1,2 and @;, Vi = 1,2 show elements of .J
and w in (13) and (14) and 07}/0j.,Vj = d,a is given as

follows:
0T, Ge) el 7256 — b+ (28)
2 aj + bj ’

833 CLj =+ bj
where it is clear that 0T}/ 0je > 0. As a result, provided that
Zej € Loo, then, constraints in (20) are fulfilled. Moreover, if
Zej converges to the origin vicinity as t — oo, je, Vj = d,
tends to a small bound around the zero.

Assumption 4. The initial relative errors for the autonomous
car are selected in such a way that

plj(o) < ]6(0) < puj(0)7v.7 =d,a.

(29)

G. Transformed Open-Loop Error Equation

Recall structural properties of (2) and write the velocity and
acceleration of the preceding vehicle from (25) as follows:

v, =R 3, — R™'h, (30)

v =R, — R'RR™':. + R'RR'h— R™'h. (31

Now, replace v, and 7, into (2), and multiply every side of the
obtained equation by R~7T to get the following key dynamic
model. In order to make the controller independent from the
kinematic parameters in the matrix B, (g,) in (2), we also add
and subtract R~7'7, to the right-hand side of the resulting
equation.

M(q)%e + C(0, %e)ie + D(q)2e — &(zw) +7a = R 77, (32)
where M, C, D, &, 4 and B are given by
M(q) = R_TMV(Q;D)R_la D(q) = R_TDV(QP)R_la
C=RTC,(qy, R )R~ R T"M,(q,)R"'RR™,
Ty = R_TT,,d(t),
§(rw) = &1(y) + &a(w, 2e),
&i(y) = —R"Cu(gp, R"'h)R™"h + D(q)h
+ R_TBV(Qp)dSP(Tp) + R_T(BV(qP) — Iax2)Tp,
o(x,2.) = R7TC,(qp, R 2.)R™h + M(q)h
~ R TM,R'RR'h+ R TC,(¢p, R'H)R 2., (33)

where ¢ = g, o = [¢"AT]"
T = [xT’ ZE}T, x = [yTa ﬁT7i}sv 21537 ec]T and

y = [1f.rl0c,0c, 0", 07, p, 0p, s, Vs, Ps, Bs] 7. Since
R(u) is full-rank, following properties are valid for (32):

Property 1. Inertia matrix satisfies M(q) = M7 (q) > 0
and A\, llyl? < yTMy < Aullyl|? Vy € R? where
0 < A < Ay < 00, and Ay := min{Anmin(M(q))},
Ayt = maz{maz (M (q))}.

Property 2. The conditions D(q) = D*(q) > 0 and
Mallyl? < yTDy < Mpllyl|> Yy € R? hold true for
damping matrix where 0 < Ay < Ap < o0, and \g =
min{Amin(D(q))}, Ap := maz{Amaz(D(q))}-



Property 3. The matrix C(p, 2.) satisfies the followings
Yy, y1,y2 € R%:

1)y (M(q) —2C(o, 2))y = 0;

2) Clo,yr)y2 = Clo, y2)y1:

3) Clo,y1 +y2)y = Clo,y1)y + Clo,y2)v;
4) |IC(o,y1)y2ll < Acllyallllyzll where A, € RT.

III. MAIN RESULTS
A. Nonlinear PID-OFBC Design
In this section, a trajectory tracking control law is proposed to
force the autonomous vehicle to track a desired trajectory with
an arbitrary curvature. The following Lemmas and definition
are necessary for the controller development and stability
analysis.

Definition 2 [30]. A class of continuously differentiable
functions Ny := [nf1,...,nf,]7 whose elements are non-
decreasing and locally L1psch1tz and satisfying the following
properties, are called saturation functions:

D1: Boundedness: |ny;(x)| < by; < oo Vo € R;

D2: Sector condition: xny;(x) > 0 for  # 0 and ns;(0) =
0;

D3: Strictly increasing bounded derivative: 0 <
by < oo with Pi2) —

Lemma 1 [31]. For a given function ny;(x) in Definition
2, the following properties hold true:

L1: nfcl( )/(2pr ) <[5 npi(z)dz < bpia? /2 Vo € R;
L2: fo nfl z)dz > 0, Vx #£ 0;
L3: [, nsi(2)dz — oo, as |z| — oo.

Lemma 2 [31], [32]. There exist a class of saturation
functions Sy := [sf1,...,55,]7 such that |sp;| < My, and
satisfy the following relation V¢ € R",y:(t) > 0 and
Ve, € RT:

dnyi(z)
dz <

¢ = ¢TS5 (¢/(1) < esnm(t).

Remark 1. The only difference between these two classes
of saturation functions is that Sy () satisfies (34) while Ny (x)
do not necessarily satisfy this inequality. Simple examples of
sfi(x) and nyg;(x) are respectively sy;(x) = tanh(z) with
cs = 0.2785 and ny;(z) = bpiz/V1 + b22? with b := bpib;il.

(34)

To commence the design, the following nonlinear PID-like
filtered error variables are proposed in this paper:

p(t) = Ze(t) + GpNy(2e(t)) + Gioi(t), (35)
n(t) = Z(t) + GpNy (Ze(1)) + Gidi(t), (36)
o; = —Ago; + k‘f (Ze(t) + Gp./\/f(ﬁe(t>) + GZ‘Ui), 37
5.1' = —lg40; + kf <§e(t) + Gpr (Ee(t)) + Gz5z>, (38)

where Np(2.) = [np1(Ze1),np2(Ze2)]ts Np(zZe) =
[n11(Ze1), np2(Ze2)]T, nyi(e) is defined in Definition 2,
Ze(t) = z(t) — 2.(t) is the observation error, G, :=
diaglgp, gpg] € R%*?2 is a positive-definite gain matrix, o;(t)

and 0;(t) represent integral actions in the above definitions
of the error variables x(¢) and 7(t), and ¢4 and k; are some
positive design parameters. By replacing (35) in (32), we get:
M(q)fp =~ Clo,2)u+ R~y + xe — D(@)p
+ g(i‘w) - Td7
where x. is described by

ON(e) .
xe =M (@G, 2 (2, 2) MGt

kg M()Gap+ Clo, 220Gy (2(1) — 2.(0)
+ C(0,2¢)Gioi + D(q)GpNy (2e(t) — Ze(t))
D(Q)Giai + g(xw) - g(‘%w)

(39)

(40)

where

ONp(@) _ o Tdnp () dngs(ies)
=d , , 41

DZe NN T 4z dZes @b
and one may obtain the following bound for x.:
Ixell < el 2] + e2| 2], (42)

in which ¢;,¢o € RT are unknown constants and Z is
explained by

= [N]?(Ze_ge>a g; aNT NT(Ze)a(Sz » 1 ]

Then, the following novel nonlinear PID-like controller is
proposed in this paper:

=BT (= Kpiu(t) = KyGpNy(20) + Ky Gy (2)

— 61 (@) = p(O)Ss (1 +1)/7)).
(44)

(43)

— KpGiHi (t)

where K, := diaglkp1, kp2] € R?*? is a positive-definite gain
matrix, Sy(e) depicts the saturation function that is described
in Lemma 2, ©(t)®(#,,) shows the NN control action which
is defined later and j + 7 displays an estimation of u + 7,
which is given by

fi4 1 = 2o + GpNy(2e) + GuNF(Z) + Gi(6i + ;). (45)

in which &; + 51 represents an estimation of o; + d; and it is
updated by

Gi+0i = —La(6i + ;) + kp(+ 7). (46)

The term k; = o; — 0; in (44) is accessible due to the absence
of Z. in its computation and it reconstructs the nonlinear
integral action which is updated by the following designed
law:

Ki = —laki + kg (z GG (2e) — GpNG(Ze) + Gm).
(47
The following learning laws are presented to obtain p(t) and

O(t) as follows in (44):

6 = Proj, (F@(ﬂ )07 (3) — r@a@é) L)



b= Proj (v (i + )7 Sy (1 + 1) /30(1)) = o), (49)
Fu(t) = —eyu(t) + go(t) + 91 [NF ()l %(0) >0, (50)

where g; € R and go(t) > 0 is a time function that satisfies

t

lim [ go(s)ds = gooo < (51)
t— o0 0
where  gooo € RY, l‘w L= [i’Tv"i’eT]T’ in
which & = [, p", o, AS]T and g =
(7T 0T 0T 5T 9y By D b s pe] T where @, denotes

the measured or estimated signals which are received from
the succeeding vehicle, ®(Z,,) is a vector for radial basis
functions, ©(0) € Qo := {6 € R™>*™ : 1r{6TO} < 0,,}
and p(0) € Q, :={peR:0<p <p,}and I'g € R™*"
and v,,00,0p,¢c, € R are adaptive laws parameters.
Because the chattering often occurs in the transient phase
[33], the update rule (50) leads to a bigger boundary layer
thickness since |[|[Nf(Z.)|| is large in the transient response
and, as a result, we have a smaller chattering. On the other
hand, at the steady-state response, a smaller boundary layer
thickness is obtained since [Ny (Z.)| is close to the origin
and, as a result, we may have a better tracking accuracy at the
steady-state. We employ go(¢) > O to maintain the thickness
of the boundary layer even when 2, — 0.

Then, we propose the following nonlinear velocity estimator
in this paper:

o, =R, — R7'h, (52)
Ze = go + Gpr(ge) + gz, — Gi’ih (53)
: ~ aN Ae X
& = fdeNf(Ze) — Gp%ze, 54

where £; € R™ shows the velocity observer gain and &,(0) =
—GpNy(2.(0)) — £4Z.(0) + G;k;(0) and Z.(0) = O show
its initial values. It should be noted that the above observer-
controller scheme is based on a Lyapunov-based systematic
design which will be presented in the sequel.

Remark 2: The employment of the saturation function
Ny(e) in the above observer definition effectively reduces
the unwanted peaking in the estimated velocity signals. As
a result, a smoother transient response will be obtained.

Remark 3. Main novel features of the proposed control
system are listed as follows: (i) the filtered error variables (35)-
(38) helped us to construct a PID-like controller to reach the
objectives R1-R2 in Section II.C; (ii) velocity and acceleration
measurements are not required by the proposed observer
(52)-(54) and the objective R3 is satisfied; (iii) the PPC is
effectively applied to the relative errors dynamics between
both vehicles to get the objectives R1 and R4-R7; (iv) an
operational combination of ARC scheme and NNs in the last
two terms of (44) effectively addresses the objectives R8 and
R11; (v) the objective RO is satisfied by limiting the amplitudes
of the estimation and tracking errors and by estimating and
compensating the actuator saturation nonlinearity ds;;(7;;),
Vi = 1,2, = p,s in (4) by using NN; (vi) the inclusion
of the path curvature 6. in the definition of c. in (8) and its

compensation by RBFNN helps us to reach R10; and finally
(vii) the chattering risk is diminished by using (50) and R12
is obtained.

Remark 4. It is worth noting that the sole aim of designing
observer in this paper is to estimate the speed of the preceding
vehicle 7,. As can be inferred from (52)-(53), this requires
calculation of the velocity signal Z. in (52), which in turn
needs the value of the observation error Z. in (53) and (54).
In this case, the observation error Z. can be calculated easily
as Assumption 1 allows us to measure the relative distance
and angles and orientation of the preceding vehicle. The
transformed version of these variables is represented by the
state z. and can be measured using (8), (22) and real sensors
such as laser range finder. However, based on a realistic
assumption, the relative velocity signal Z. is not measurable
via sensors and the aim of observer design is to estimate
this variable using the velocity observer (52)-(54). Thus, the
estimated state Z. is generated by integrating the observer itself
and as such the observation error z. = z. — Z. is known to
calculate or estimate the relative velocity Z.. It is possible to
optionally use each of these variables, i.e. Z, ép and z., in
the controller design as needed. Although the only purpose
of our proposed observer in (53)-(54) is the estimation of the
velocity signal Z, it is also generating the estimated state 2.

Fig. 3 shows a detailed controller block diagram.

B. Stability and Error Convergence Analysis

In this section, the stability of the proposed controller-
observer system is examined on the basis of Lyapunov’s direct
method. To derive the closed-loop control error equations,
the approximation error for the expression [ + 7 in (44) is
computed as follows:

—1.
=2(1— kyGi(sT + Lal) ™) 4,
(55)

fitn = p+n—(a+0n)
where {q > kfAmas{G;}. The above approximation error is
bounded as follows:

1+l < esllZ]], (56)

where c; € RT is an unknown constant. Now, consider the
derivative of (53) with respect to the time along (54) as
follows:

e =LaGuNF(Z) — Gp%z%e
+ GPM& + lgze — GiK;, (57)
0Z,
which is equivalent to
f(t) = n(t) + Lan(t) — LaGi0i(t). (58)

By replacing (44) in (39), one achieves the following closed-
loop error equation:

M(q)pe =~ C(0,2¢)pt — KpZe — KGNy (Ze) + KpGpNy(Ze)
— K,Giki — O()®(8) — pSy (A + 1) /1)
+ Xe — D(Q)N+§(xw) — Td- (59)
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Fig. 3: A detailed block diagram of the proposed control system.

Then, the estimation property of the radial basis function NN
is adopted to write that

E(2y) = O P(Ty) + €0(Fw), Vi, € Qz CR™,  (60)

where n; := dim{x,}, and the ideal network weights matrix
is explained by

in which ®(3) = [61(#0), . 6, ()] (077 < O
where ¢; (%) = exp(—||Zw — ptwi||?/A2,;) describes ith Gaus-
sian basis function, n; shows the hidden-layer nodes number
and \,; and p,; denote the standard deviation and center
vector, respectively, whose descriptions are found in [34] in

detail. Now, by taking (60) into account and considering that

Zo + GpNt(2e) — GpNt(Ze) + Gi(oi — 6;) := p— 7, (61)

O* :=arg min
OCR"h

{A sup ||&(&y) — éq)@w)”
mweﬂmw

from (35) and (36), the closed-loop error equation are obtained
as follows:

M(q)p

— C(0, 2e)pn — Kp(pn—n) + O (&)
=Sy ((fi+0) /) + xe — D(q)p
+ 6w(i'w) — Td,

(62)

where © := ©* — © denotes the NN weights matrix approx-
imation error. By recalling (58) and (62), the observer error
dynamic equation is achieved as

M(q)n =~ C(o,2e)n — M(q)lan — Ky(pn—n)
+ M(q)0qGi0; + OP(iw) + Xo

- ﬁsf((/l + ﬁ)/’yt) + 6w(j"w) — Td, (63)

where Y, includes additional terms which is explained by

Xo = —=D(@)p—C(0,2)n+ Clo, Ze)n + X, (64)
where Y, is bounded by the following statement:
IXoll < callZ|| + 5] 2112, (65)

in which c4,c5 € RT are unknown parameters and Z was
defined in (43).

Now, main results are wrapped up by the following theorem
in this paper:

Theorem 1. Take into account the autonomous vehicle’s
models described by (1) and (2) in which Assumptions 1 —4
hold true. Then, the proposed control laws (44)-(54) under
the following gain conditions for 0 < e < 1

Amin{KpG2} >0.5\maz {KpGp}

+ Akpgp + AmaI{KPGPGi}7 (66)

Amint{ Kp + D(q)} >0.5¢A, 4, + 0.5k e
+0.5(Cl +CQ)/6, (67)
Lq > max{Lam1, Lim2, Lim3}, (63)
¢y > 0.56 4+ 0.5g1¢€ (69)

where Lgni,1 = 1,2,3 are defined as follows:
Lam1 = 0.5ks/€ + 0.5€Ama: { K, GG}y (70)
. ; 1K P

Ly = 0.5ks/€ + eAmaa{KpGpGi} 71

1-— 056)\mar{M(Q)Gl} ’



Ak, +0.5kpe + €Ay, g, +0.5(cs +c5)/€
)\m - O5Amar{M(q)Gz}/e ’

and Ap, = Apin{Kp} Akg, = AmaclEpGpl, A =
min{Amin(M(q))}, ensures that (7) the relative tracking
errors, i.e. re, the position and velocity estimation errors, i.e.
%, and Z., are semi-globally uniformly ultimately bounded
(SGUUB) and tend to the zero neighbourhood exponentially
with prescribed performance criteria; (i¢) all available signals
in the designed closed-loop control system stay bounded, and
(c14 ¢34 cq)e

(1) the following attraction region
20, —
I < i , (73)
i \/(cz—t-cs)e(/\g/)\z) } (

(with m = 13 4+ n,ny) may be expanded freely to contain
every possible initial condition by a fair tuning of the control
parameters where a,,, Az, Ay, ¢, Vj =1,...,5 and ¥ will be
clarified later in the proof section.

Proof: Consider the Lyapunov function below:

L :kplgpl / nfl(z)dz =+ k‘pggpg/
0 0

Lams = (72)

Ry = {19 eR™

262
ngo(z)dz
Ze1 Ze2
+ kp1gp / ny1(2)dz + kpagpo / nyfa(z)dz
0 0
+0.5(u" M(q)p+n" M(q)n + 6 6; + ol o;)

+ 0.5t {OTTGIO} + 0.5y, 52 + 0597(1),  (74)

with p = p* — p and applying Lemma 1, it can be proved that
AzIIZ)* < Aullvl® < L) < Aoll9]?, (75)
where Z was deﬁned in (43) v =27, 011, s O By )T

19— [Aea 7, 7/’L ) e 751 777 6117"- enonh7pa’yt]T’ and

Az = 0.5min{1, kp1gp1/bp1, kp2gp2/bp2; Am },
Ao = 0.5min{22z, Amin{Tg 1,7, '},

Ao = 0.5maz{1, kp1gp1bp1, kp2gp2bp2, Anss Amaa{ls' }5 7, '}

(76)
By taking the time derivative of (74) along (62) and (63) and
employing item 1 of Property 3 and (35)-(36), one gets
L == N} (2) KpGaNy (2) — N (2e) K, GaNG (Ze)
—Lad] 6; — p" (K + D(q))p — 0" (€M (q) — Kp)1y
+ NF (2e) KpGpp — NT (2) KpGyn + NT (26) KGNy (2
— N} (2)KpGpGio + NT (20) K, G Gib + kgo pu
+ (n+ )" O (&w) — plu+n)" S ((f+7)/7)
+ (u+ 77) (€w(Tw) —Ta) + NfT(ge)KpGPn
— Nf (2.) K, GG, + kféiTn + Lan" M (q)G;6;
—tr {éTFélé} — 7, 9+ 1 xe + 1" X0
= i+ 905 + 91| NF (Ze) -

T
—lqo; 0;

By considering that ab < 0.5a%/¢ + 0.5¢b*> Ve € Rt and
recalling (42) and (65), it can be verified that

117 Xe + 0" Xoll <0.5(c1 + ea)llull* /e +0.5(c1 + ca)e]| 22

+0.5(cq +¢35)||nl|? /e + 0.5(ca + cs5)e|| Z||*.
(77

By substituting (55) and applying (77), the following inequal-
ity after some mathematical manipulation can be achieved:

£ < —ar|N5 )P = azlloill® — asl|ull® — asllNG (Ze)|?
= as|0i1* — ag|lnl|* + 0.5(c1 + ca)e]| Z]|?
+0.5(ca + es)el| Z||* + (i + )T O(i)
+ (+ ) Q= i+ 0) TSy ((a+ ) /)
(4 )T (e = a) — 0 {6710} — 5
— (cy — 0.5¢ — 0.5g1€)7; + 0.5g5(t) /e,

in which a;,Vi=1,...,

(78)
6 are given by
ay :)\mm{Ksz} - >\7rLax{KpGp}/€ - 0'591/6
— 05)\max{KpG12)}/6 - A7naw{I(ZJC:PC:i}/G’
ag :=lq — 0.5ks /€ — 0.5 A maz{ K,GpGi},
a3 :=Amin{Kp + D(q)} — 0.5e A0 {KpGp} — 0.5k e
—0.5(c1 + ¢2) /e,
ag =Amin{ KpGy} — 0.5 Aman { K, G2}
— O.5)\max{KpGpGi}/€ - 0~5)\maa:{KpGp}/€7
as Izgd — 05]€f/€ - 6)\mam{I(pc’vai}
— 0.5\ maz {laM (q)G:},
ag :)\mzn{edM(q) - KP} - OSkf6 - CAmaw{KpGp}
—0.5(ca + ¢5)/€ — 0.5Xmax{€aM (q)Gi} /e,

and 2 in (78) is expressed as
Q= 0D(&y) — pS; ((A+0) /) + 6w =72 (79
By considering (56), ||©*||F < O, ||€w — Tal| < p*, and the
projection operator property, it is easy to prove that
191l <V Omnn + Onv/nn

+ \/ﬁmaﬂj{Mfl, Mf?}pm, er* =

Qur. (80)

Recalling p = p* — p and replacing (48), (49), and (80) in
(78), and applying ab < 0.5a2/¢ + 0.5¢b* Ve € R one gets:

< a2+ 050+ i+ il
+ (0= p) i+ ) Sp((+0) /) + (A + 1) OP(d)
—tr {(:)TF(SlProj@ (F@(ﬂ + 7)) (&) — F@O@é) }
— 3 Projy (1 (4 1) 87 (i + 7)/3) = 190
(1)
where a, is defined by
Am — 0.5(c1 + 3+ cq)e — 0.5(ca + c5)el| Z)|%,  (82)

a, =



in which a,, = min{a;}5_,. Now, by considering Lemma 2
and the following inequalities:

(i + 77O — {éTProjé (e + ﬁ)ch)} <0, (83)
pli+0)" Sy ((i+ 1) /7)

— 5 'Proj (v (i + DTS5 ((+0)/7%) ) <0, (84)
I+ allp* = p*(a+0)" S (& +0)/7) < 2cp™ v, (85)
oppp < —(1—=0.5/e2)opp” + 0.56,0,p™ Ve, € R, (86)

ootr{®TO} < — (1-0.5/€2)00|0|%

+0.5e300|0%||%, Veo € R, (87)

the inequality (81) is expressed as follows:
L(t) < = alo@)|* + (), (88)

where a and «(t) are given by
a = min{a,, (1 — 0.5/612))0';,,, (1-0.5/¢2)00},
Y(t) :=0.5650,p** + 0.5e00 0% 1%

+ 2¢.p* Ve (t) + 0.5¢303, /e + 0.5g5(t) Je.  (89)

As aresult, if the gains K, G, and £, are selected sufficiently
large such that the inequalities (66)-(68) are satisfied and
scalars a;,Vj = 1,...,6 and a, remain positive, then, the
following condition could be derived for the closed-loop
system stability:

am > 0.5(cy + ¢34 c4)e + 0.5(ca + c5)el| Z|2. (90)

By considering the analysis above, /i(t) in (88) is strictly
negative-definite when ||v|| is outside the compact set €2, :=
{v(t) : 0 < ||v]| < V/7Veo/a} in which s = lim;_,o0 Y(2).
This indicates that the elements of v(t) are decreasing outside
the compact set €2, and one infers from (75) that Az || Z||? <
L(t) < L£(0) < Ag|W(0)]% ¢ > 0, leading to || Z]]* <
(A9/Az)]|9(0)]|?, ¥t > 0. Subsequently, a sufficient condition
for (90) is given by a,, > 0.5(c1 + ¢3 + ca)e + 0.5(c2 +
c5)e(Ay/Az)||9(0)]|?. This shows that attraction region R 4 in
(73) could be chosen arbitrarily large to contain every desired
initial condition via a suitable choice of the control parameters
K,, Gp, and {4. Thereafter, the closed-loop control system is
SGUUB such that N7 (%), N (Ze), fts 1, i 0i 011500y
D,7t(t) € Lo and the tracking and observation errors tend
to their own residual sets containing the zero. From (35)-
(36), Ze, Ze € Loo. Thus, from (44), and Assumption 3, it
is clear that Z., ée, P, éllan'vénon;” 7 € L. The discussion
above shows that z. and z. are SGUUB and converge to
small residual sets including the origin. Since z.;(t) € Lo
and p;;(0) < je(0) < pyj(0), VE > 0, one concludes that
p1j(t) < je(t) < pu;(t), Vj = d, o which indicates that z.(t)
exponentially tends to small compact set containing zero with
a prescribed performance. This finalizes the proof. O

IV. SIMULATION EXAMPLE

A. Simulation Results

In this section, computer simulations have been performed
and their results are displayed to examine the effectiveness
of the proposed control system for our cooperative control
problem. The first autonomous vehicle which is called the
succeeding vehicle is forced to move along a reference
path and the second vehicle that is called preceding
vehicle should follow the first vehicle while satisfying
all the control objectives R1 — R12 in Section II.C. The
matrices describing dynamic model of the system are
given by M,(q;) = H"(q;)My(a;)H(g;), Culgj,vy) =
H"(q;)My(a;)H(q;) +  H"(a;)Cqlay, H(gz)v;)H(q;),
Dy(q¢;) = H"(gj)Dy(g;)H(g;) and B,(g;) =
HT(q;)B,(q;), Vi = p, s for which

Mej 0 —a;sing; 0
0 Mej a;CoSP; 0
M, = . ‘s 3055 91
1 —a;sing; ajeosp;  Ie;+Ip; Ipjl|’ oD
0 0 Iy; Ig;
—ajpicosp; cosp;j 0
. _ | aysing; _ E 0
Cady 0 B lysindjcosd; 0|’
0 0 1
92)

where a; := m;{.; and D,(q;) = diag[5, 5, 2, 2]. The vehicle
parameters are listed in Table I. The controller parameters are
given in Table II. One possible choice for the parameters of
(50) is go(t) = 100e=901 g, =5 and ¢, = 1. The nonlinear
functions in the control laws (44) are selected as follows:

ngi(zi) = zi/\/1+ 22,1 = 1,2,

Sp((+m)/ve) = (i) /\/7¢ + i+l

It is assumed that the control torque and force are saturated
according to |7,;] < 50,Vi = 1,2. Also, the communication
range of the succeeding vehicle is limited inside a circle with
the radius R, = 10m. A transmitter is placed on the succeed-
ing vehicle at the polar coordinates (r;, ;) = (0.25, —7/6).
The safety regions around the preceding and succeeding
vehicles are defined as circles with radii B, = 0.6m and
Rs = 1.25m, respectively. Moreover, the field-of-view and
range of the onboard sensor on the preceding vehicle are
limited such that «,, = 75°, d,, = 0.25m and dp; = 6m.
Both vehicles start at the initial postures g, = [0,1.5,0,0]”
and ¢ = [2.5,5.5,0,0]7 at the same time. The succeeding
vehicle is commanded to move along a trajectory generated
by the following open-loop torque command:

93)

Ts :[7_517 7_52]T7 Ts1 = 87
Teo =0.4sech?(0.2(t — 50)) — 0.9sech?(0.2(t — 110))
+0.9sech?(0.2(t — 170)) — 0.9sech?(0.2(t — 190)).
94)

The preceding vehicle should keep the desired distance dy =
1.9m and the relative angle ap = 0 with respect to the suc-



ceeding vehicle while it is subjected to the disturbance vector
Tva(t) = Tap(t) + fp(vp) where 74,(t) = 20sin(t/20)[1, 1]

and the vector f,(v,) = F,sign(v,) + F,v, simulates
Coulomb and viscous frictions. The constants F. = 0.5 and
F, = 0.75 are considered. It is assumed that the dynamic

parameters for the succeeding vehicle are unknown. The
desired path curvature and speed variations are generated by
the succeeding vehicle according to the reference command
(94). A random noise is added to the vehicle states by using
randn(e) function to reflect the sensor noise. Numerical
results are illustrated in Figs. 4-10. To highlight the salient
features of the proposed controller, the output-feedback linear
PID controller in [25] has been simulated and compared
with our proposed constrained output-feedback nonlinear PID
controller. Figures 4 and 5 show the x — y trajectories of the
preceding and succeeding vehicles for both controllers. As
shown by these figures, the preceding vehicle tracks and keeps
the succeeding vehicle continuously inside its limited field-of-
view while avoiding any collision. Figures 6 and 7 illustrate
that the relative distance and angle errors converge to the origin
vicinity inside the performance bounds. The time evolution of
unconstrained errors, i.e z., is shown in Fig. 8. Figure 9 shows
that the velocity estimation errors converge to the vicinity of
the zero very fast while no unwanted peaking phenomena is
observed. Figure 10 shows the time evolutions of the weights
and parameter estimations which are bounded and smooth.
Fig. 11 confirms that the proposed controller avoids every
possible collision between both vehicles throughout the path.
However, the controller [25] experiences a possible collision
because the preceding vehicle enters the safe regions, i.e.
d < R,+ R,. Due to the lack of space, other signals have been
omitted here. As confirmed by the figures mentioned above,
the preceding vehicle is following the succeeding one very
accurately while satisfying all the control objectives mentioned
in Section II.C. However, the controller [25] is missing the
defined requirements and objectives.

TABLE I: Model parameters description and their values in Fig. 1.

TABLE II:

PID controller, observer, NN and PPF parameters.

Control gain  Attributed values  Control gain Attributed values

Parameter Description value
Driving wheels radius T 02m
Distance between two rear wheels 2b; Im
The Length of the vehicle Ly 1.7m
Distance between front and rear wheels Lyj 1.2m
Distance between Op; and P; Lej 0.55m
The vehicle mass Mej 30 kg
The moment of inertia about vertical

axis through P.; I 5 k:gm2
The moment of inertia of the vehicle Iy; 10 kgm?

B. A Comparative Study on Robustness and Performance

As stated in Section I, all the previous works including [8]-
[25] suffer from at least one of the shortcomings (i)-(viii). The
proposed controller have successfully addressed such draw-
backs in theory in Sections II and III and they are also shown
by simulations. To further show the superior performance
and robustness of the proposed controller with respect to the
controller in [25], the amount of disturbance signal is increased

Ky 20122 Gp 2l2x2

G; 0.5I2%2 Ly 10

ky 0.25 np 9

To 0.1 Yp 0.25

oo 0.1T'e op 0.25vp

Yt 100 Lawi [-4,-3,-2,-1,0,1,2,3,4]
/\wi 10 em 20

Pm 10 Cd,s Ca 0.5,0.5

Pdos PO 2,1 Pjoco 0.08

ag,bq 0.825,2.05 Aoy ba 1.309 £ 0.56.
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Fig. 4: The x — y trajectories of both vehicles for the proposed
controller and controller [25].
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Fig. 5: A magnified view of x — y trajectories for both vehicles.

up to three times with respect to the previous simulation
and the result is shown by Fig. 12. This figure confirms the
absolute competency of the proposed controller with respect to
the previous output-feedback linear PID controller in [25]. The
torque control signals are also plotted for both controllers in
Fig. 13 which shows that the proposed method successfully
prevents the control signals from the saturation. Another
simulation has been carried out to compare the controller in
[25] and proposed controller in a quantitative way and the
results based on some performance criteria are given by Table
IIT to demonstrate the effective performance of the proposed
controller. This table compares both controllers based on the
following criteria: (i) rms(e;), Vi = 1,2 stands for the errors
root mean square for the measure of average tracking perfor-
mance; (i) err; = maz{|e;(t)|} gives the errors maximum
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Fig. 8: The evolution of transformed errors with respect to the time.

absolute value for the evaluation of transient performance and
(iii) ey; := maxr, 1,<t<7;{|€i(t)|} represents the errors
maximum absolute value within the last T, = 5 seconds for
the assessment of the final tracking accuracy and Ty shows the
total program run-time. The table confirms that the proposed
nonlinear PID-type controller performs quite better than the
PID controller in [25].
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observer.
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Fig. 11: The relative distance d and collision possibility between both
vehicles.

V. CONCLUSION, FUTURE WORKS AND LIMITATIONS

The output-feedback control of two cooperative autonomous
vehicles with limited sensing range and limited field-of-view
sensors was addressed in this paper. To preserve continu-
ous communication between vehicles while preventing every
possible collision and compensating the path curvature, the
relative distance and angle errors between both vehicles were
transformed to construct an Euler-Lagrange error dynamic
equation in terms of the transformed errors. Then, a NN
adaptive robust saturated PID-like controller with a satu-
rated nonlinear velocity observer was proposed to force the
preceding vehicle to follow the succeeding vehicle with a
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Fig. 13: The control signals for the proposed controller and controller
[25] for a very large disturbance in the presence of actuator saturation.

limited torque and without velocity measurements. A semi-
global UUB stability of the controller-observer system was
successfully analyzed using the Lyapunov’s direct method.
Simulation results confirmed that the proposed controller is
a successful candidate for the cooperative vehicle-following
problem under some realistic conditions and assumptions. An
extension of the present work to a group of N autonomous
vehicles shows our future research program. An experimental
evaluation of the proposed controller on a real autonomous
vehicle is another direction of future studies. The main limita-
tions of the presented method are listed as follows which are
left to be addressed by interested readers in the future:

e Sensor errors and communication delays may result in
a poor performance or even instability of the proposed
controller in practice.

« Initial relative errors between the vehicles are restricted
to a compact set which prevents the global stability.

o The velocity and acceleration signals of the succeeding
vehicle need to be available for the preceding vehicle.

o The lateral slippage of the preceding vehicle may lead to
a poor performance or even instability which is neglected
in this paper.

TABLE III: The quantitative evaluation of both controllers’ perfor-
mances in both transient and steady-state responses.
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Performance Index ~ Proposed controller ~ Controller [25]

rms(eyp) (m) 1.48 3.8
rms(eq) (rad.) 0.47 33
EM,e (m) 2.2 2.2
enm,q (rad.) 1.08 1.08
ef.¢ (m) 7.8 x107° 0.26
ef.q (rad.) 5.1 x 10~° 0.26
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